Abstract-This paper presents a three-dimensional (3-D) localization system for ultra-wideband (UWB) impulsive noise sources. The localization algorithm is in terms of time difference of arrival (TDOA). Firstly, a feasibility study of the 3-D localization scheme is carried out numerically. Then, the effectiveness and limitation of the scheme are revealed. Our proposal is validated by measurement in an open site.
INTRODUCTION
In recent years, there has been an increasing concern about the interference of ultra-wideband (UWB) impulsive noise with communication systems, such as wireless communications [1, 2] , television and radio broadcasts [3] [4] [5] , and so forth. Among others, more attention is paid to the EM interference of television and FM radio broadcasts. This is because defects in the power line system and power apparatus may serve as successive noise sources for an entire neighborhood, while noises occurring in vehicle ignition systems, microwave ovens, and so forth are temporary. In addition, frequency spectra of impulsive noise from power lines are mostly within the order of tens to hundreds of megahertz [6, 7] . This covers the frequency bands of broadcasters (at least in Japan). For a better EM environment, it is desirable to find the location of the impulsive noise sources. This enables us to take appropriate actions in order to remove the source as soon as possible. Therefore, we attempted to estimate the 3-D locations of multiple impulsive noise sources using an antenna array [8] . This antenna array was comprised of four ultra-wideband circular plate antenna. The localization algorithm was based on the time delay of arrivals (TDOAs) of EM pulses which is received by spatially separated antennas. Note that TDOAs were determined by cross correlation of the received pulses [9] . The accuracy of the localization and the size of the detection system, however, would not be reasonable for practical application. Challa and Shamsunder [12] proposed a highresolution subspace approach for localizing near field EM sources in three-diomesional spaces. They validated their proposal numerically. This approach is, however, limited to the localization of narrow-band sources. Peck and Moore [6] demonstrated the adoption of the HT algorithm [9] for TDOA estimation. This resulted in an improved performance of the direction-of-arrival (DOA) estimation. It should be noted that previous papers on this estimation for UWB sources were mostly concentrated on measurement, together with simple theory. In a theoretical model, a plane wave is considered as the wave source. In other words, EM fields emitted from impulsive noise sources are implicitly assumed as far fields. However, the magnitude of EM waves emitted from power transmission lines and power apparatus is not large. Thus, the distance between antennas and a source is limited to a few ten meters at most. That is the main reason why a near-field approach would be more appropriate, and hence the three dimension localization scheme for UWB noise sources could be realized.
The purpose of this paper is to propose and validate a threedimensional (3-D) localization system for UWB impulsive noise sources. Firstly, a feasibility study of three dimensional localization scheme for impulsive EM wave sources is carried out numerically. Then, the effectiveness and limitation of this proposal is revealed. In particular, our proposal is validated through measurement in an open site. At least four antennas are required for the 3-D localization of the source. In this paper, the number of the antennas is chosen as four elements, for the sake of simplicity. The geometry of the problem is illustrated in Fig. 1 (z ≥ 0) . The antennas are arranged at the vertices of a square with a side length, d, of 3.0 m. The location of the noise source P is assumed to be as unknown variables (x, y, z). The four antennas are labeled 1, 2, 3, and 4, and their co-ordinates are (x 1 , y 1 , 0), . . . , (x 4 , y 4 , 0), respectively. It should be noted that three independent values of TDOAs are obtained. The relations between the co-ordinates of the antennas and TDOAs are represented by the following system of equations:
3-D LOCALIZATION
where: T ij and c denote the TDOA between antenna i and j and, the speed of light in free space (c = 3 * 10 8 m/sec.). From the system of equations, the location of the source P (x, y, z) can be estimated if a set of TDOAs values are obtained. A similar concept for 3-D sound localization can be found in [10] .
Algorithm for Localization of Sources
The outline of the TDOA calculation [6, 8, 9] is reviewed in short. Then, the localization algorithm in terms of the TDOAs is presented. It is well known that the following formulation would be sensitive to noise. The level of impulsive noise from the power line is much larger than the signal of broadcasting for the source-antenna distance of several ten meters. Also note that the thermal noise is typically smaller than the broadcasting signal. Namely, the signal-to-noise ratio (SNR) in this investigation is sufficiently large, and thus we can safely use this formulation. A signal received at two spatially separated antennas can be mathematically modeled as:
where s(t) is the source signal, n 1 (t) and n 2 (t) are uncorrelated and zero-mean noises. Additionally, α is an attenuation factor, and U is the time delay from the antenna 1 to the antenna 2.
The cross correlation between the measured signals x 1 (t) and x 2 (t) is related to the cross power spectral density function G x 1 x 2 (f ), which is a function used to estimate the frequency content in a correlated signal, by the well-known Fourier Transform relationship:
When x 1 (t) and x 2 (t) have been filtered, the cross power spectrum between the filter outputs is given by:
where * denotes the complex conjugate. Therefore, the generalized correlation between the signals is:
where:
denoting the general frequency weighting or filter function.
In practice, only a function G E x 1 x 2 (f ), which is an estimation of G x 1 x 2 (f ), can be obtained from finite observation for x 1 (t) and x 2 (t). As explained above, the weighting function Ψ g is applied to compensate for the effects of noise and attenuation. The estimated generalized correlation G E x 1 x 2 (f ), which is derived from R y 1 y 2 (τ ), is applied. Consequently, the estimated generalized correlation R E y 1 y 2 (τ ) is evaluated and used to estimate the time delay. In order to optimize the estimated time delay, various kinds of weighting functions have been introduced [9] . A suitable weighting function accentuated the signal passed to the correlator, That is, it makes the SNR largest. In this paper, the smoothed coherence transform (SCOT) algorithm, as shown below, is used:
The Newton-Raphson method [11] is used for solving the system of equations (Eq. (1)- (3)) with the substitution of TDOAs obtained by the above procedures. Note that the features of this method are good convergence characteristics and low computational costs.
NUMERICAL AND EXPERIMENTAL RESULTS

Feasibility Study for 3-D Localization
In order to clarify the effectiveness and limitation of a 3-D localization scheme for an UWB source, a feasibility study should first be carried out. For this purpose, one of the three time differences is fixed, and the effect of the others on an estimated location is then investigated. The location error due to the difference in the TDOAs, ∆, is defined as the following equation:
where P (x est , y est , z est ) is the estimated location with the above mentioned scheme for a set of TDOAs. Figure 2 shows the effect of T 21 and T 23 on ∆. Note that T 24 is fixed to the ideal value. In this figure, the ideal sets of TDOAs are also plotted. Two cases are considered. In the first case, P is located at (3.06, 3.06, 2.50), corresponding to the azimuth and elevation angles of 45 • and 30 • , respectively. The distance from the origin to the source, D, is 5.0 m. In the latter case, P is located at (9.18, 9.18, 7.50), which implies the same angles as those of the former case, but D equals to 15.0 m. In the following discussion, as an example, we choose 2.5 m as a limit of an acceptable error in ∆. As is evident from this figure, the acceptable range is larger for smaller values of D, and its shape is like an ellipsis. Let us discuss the meaning of the contours thoroughly. We define in Fig. 2 the lines of A and B, corresponding to the major and minor axis of an ellipsis. At the point 1 in Fig. 2(b Thus, the time differences in the directions of A and B cause the errors in the azimuth angle and the antenna-source distance. The latter is more sensitive than the former. This is consistent with the results of previous papers for narrow-band EM waves (e.g., [12] ). Note that similar contours in Fig. 2 are observed when T 24 is fixed, instead of either T 21 or T 23 . We evaluate the effectiveness of our scheme in terms of ∆t as defined in Fig. 2(b) . It should be noted that the time difference in the direction of B causes the largest error of ∆ for the same amount of time difference from the ideal values. In other words, the measure, ∆t, gives us a conservative value of the time difference for which our scheme is effective.
We show in Fig. 3 
Experimental Validation
Only the outline of our measurement system is described, since it can be found in [8] . Four ultra-wideband capacitive circular plate antennas are used as EM wave sensors. The antennas are connected to a digital storage oscilloscope (DSO: Lecroy 9374L, 8 bit) by coaxial cables (type: 5D-2V, connector: BNC, length: 30 m) through band-pass filters (25-250 MHz). EM waves are digitized at a sampling rate of 500 MHz by the DSO, which is controlled by a personal computer (PC) as illustrated in Fig. 4 . In order to detect pulse-train EM waves, the whole memory of the DSO is divided into 500 segments. Each segment can record an EM pulse for the time window of 2.0 µsec. Considering the electrical system of 6.6 kV, we apply a 60 Hz AC high voltage around 4 kV on a needle-plane electrode. Note that the gap of the electrode is 1.0 mm, corresponding to a discharge magnitude of 2000 pC. This could simulate a discharge source of air gap occurring in an actual distribution system. 1)-(3) ). From this figure, it can be seen that the measured data is in good agreement with the ideal values. The average differences between the ideal and measured values are within 0.37 nsec. There are at least three causes for this error: (i) reflection from the ground, (ii) mutual coupling of the antennas, and (iii) quantization noise (the resolution in amplitude is limited to 8 bits). Figure 6 illustrates the 3-D source localization for the sets of TDOAs shown in Fig. 5 . In order to clarify the effect of the distance D upon the accuracy of the localization, the results for P (7.10, 23.70, 3.30 ) is also shown. It is noteworthy that only the localization results, which converge for our algorithm, are plotted. This is because the divergence occurs in the process of applying the Newton-Raphson method. Such divergences are caused by the significant difference between ideal and measured TDOAs. From another viewpoint, the nature of this divergence is fairly convenient to estimate a source location properly. As a result, only 215 and 199 points are plotted in Fig. 6 (a) and (b). As seen from Fig. 6(a) , the source location can be reasonably determined. The mean estimated location is (6.25, 6.95, 1.56), corresponding to a difference with the actual location of 1.65 m. For a spatial difference of 1.65 m, a numerical value of ∆t is 0.15 nsec, while the average time difference in TDOAs was 0.37 nsec. for the samples that converge for our algorithm. This rough comparison means that the time difference ∆t, which is obtained numerically in the previous section, gives us a conservative estimation by a factor of 2 or more. For the latter case at P (7.10, 23.70, 3.30) where D is large, the location of the source is not well estimated. The mean estimated location is (13.51, 40.74, 10.52), corresponding to a difference with the actual location of 19.58 m. The point to be stressed is that the estimated source-antenna distance is smaller than the actual one, while the DOA of EM wave is reasonably estimated. The actual azimuth and elevation angles of the source are (73.32 • , 7.60 • ), while the mean value of the estimated angles is (73.47 • , 12.09 • ). In addition, another difference between (a) and (b) is the density of the dots: i.e., they are dispersed in the latter case. Thus, one can judge whether the localization is successful, when inspecting a train of pulses.
CONCLUSION
In this paper, a 3-D localization scheme for UWB impulsive noise sources was proposed. Firstly, a feasibility study of the 3-D localization scheme was carried out numerically. Then the effectiveness of our scheme was clarified in terms of acceptable error in TDOAs, ∆t. Additionally, our proposal was validated by measurements in an open site. Our system was found to be reasonably effective and reliable, because of considering hundreds of pulses.
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